Altered nutritional experiences such as undernutrition, overnutrition, and modified milk formula in the immediate postnatal life via the phenomenon of metabolic programming have been identified as one of the components in the etiology of metabolic syndrome. We have developed a rat model in which an altered dietary experience in the form of a highcarbohydrate (HC) milk formula in the immediate postnatal life of rat pups results in chronic hyperinsulinemia and adultonset obesity in these rats. The HC dietary modification causes functional alterations in pancreatic islets and the hypothalamus during the period of the dietary modification. These early adaptations in islets (supporting hyperinsulinemia) and the hypothalamus (supporting hyperphagia and increased body weight gain) persist in the postweaning period despite withdrawal of the HC milk formula at the time of weaning. In female rat pups receiving the HC milk formula, metabolic programming effects translate into an adverse (hyperinsulinemic, hyperleptinemic, and obese) intrauterine environment during pregnancy, causing spontaneous transfer of the maternal phenotype to the progeny (generational effect). Our results suggest that alterations in feeding practices for babies (early introduction of cereals, fruits, etc.) and babies born to obese/hyperinsulinemic mothers may be contributing factors for the obesity epidemic prevalent in developed and developing countries.
Introduction
The incidence of obesity has reached epidemic proportions and is recognized as a major health concern worldwide. For example, in the United States,~66% of the adult population have been classified as overweight (BMI .25) (1) . In addition, increased body weight gain is noted in a sizeable population of children belonging to all age groups (2) . The presence of obesity significantly increases the risk for the development of several metabolic disorders such as type 2 diabetes, cardiovascular diseases, hypertension, hyperlipidemia, etc.
In recent decades, findings from retrospective human epidemiological studies and experimental animal models have strongly implicated altered nutritional experiences during early periods of life (fetal and immediate postnatal) as an important factor contributing to the development of the metabolic syndrome via the phenomenon of metabolic programming (3) . Due to the overlap of the nutritional challenge with the critical window of the development of organs, functional alterations become permanent, resulting in a lasting imbalance in normal homeostatic metabolic mechanisms and resetting of physiological systems. Figure 1 indicates the consequences of altered nutritional experiences in the early postnatal period.
Metabolic programming in the immediate postnatal period Several physiologic and metabolic mechanisms are not fully matured at birth and continue the process of maturation in the immediate postnatal period. In rodents, e.g., pancreatic islets and neurons continue to develop after birth (4, 5) . Thus, as was observed for the fetal period, the immediate postnatal period also becomes a critical window for development and, hence, alterations in the nutritional experience during this period function as independent cues for induction of metabolic programming effects.
One approach to altering nutrition in the suckling period has been to either increase or decrease litter size, resulting in changes in the quantity of milk available to new born pups (Fig. 1) . Rat pups overnourished in the suckling period due to reduction in litter size [small litter (SL) 4 ] demonstrated hyperinsulinemia, hyperleptinemia, and increased growth rate during not only the suckling period but also in the postweaning period (6) . Signif- icant changes in the hypothalamus of SL rats such as altered response of neurons in specific regulatory centers in the hypothalamus to insulin, leptin, and several neuropeptides (7) resulted in a strong predisposition for hyperphagia and increased body weight gain in SL rats. Rat pups raised in large litters demonstrate a decreased growth trajectory as well as reduced insulin levels (8) .
The onset of hyperphagia, obesity, and other metabolic disorders in adulthood of pups born to normal rats but fostered by diabetic female rats underscores the recognition of the lactation period as being vulnerable for the establishment of metabolic programming effects due to altered nutritional experiences during this period (9) . As observed for SL rats, structural and functional alterations in the hypothalamus [increased immunopositivity for neuropeptide Y, agouti-related polypeptide and galanin, and decreased immunopositivity for proopiomelanocortin and a-melanocortin-stimulating hormone in the arcuate nucleus (9)] supported such a phenotype. Further, rat pups that were malnourished only in the suckling period by being nursed by dams that were subject to a lowprotein diet regimen displayed an altered feeding pattern as adults, lending support to the concept that the immediate postnatal life is vulnerable for metabolic programming effects ( Fig. 1 
) (10).
The high-carbohydrate rat model The long-term consequences of a high-carbohydrate (HC) dietary modification in newborn rats have been the focus of research in our laboratory ( Fig. 2 ) (11-13). Our experimental approach enabled determination of the metabolic programming effects due to alterations in the quality of nutrition without changes in the total energy intake (energy redistribution) in the immediate postnatal period. This is in contrast to the SL rat model wherein newborn rat pups were overnourished due to reduction in litter size at birth. In the HC rat model, newborn rat pups are artificially raised on a HC milk formula from postnatal d 4 to 24 via i.g. cannulas. The energy composition of the HC milk formula was 56% carbohydrate, 20% fat, and 24% protein compared with 8% carbohydrate, 72% fat, and 24% protein in rat milk. HC rat pups are weaned on postnatal d 24 to a nonpurified diet. Rat pups nursed by their own dams [motherfed (MF)] served as controls. Rat pups artificially reared on a high-fat milk formula, the macronutrient energy composition of which was similar to that of rat milk, served as experimental controls. These rats did not develop hyperinsulinemia or adultonset obesity, indicating that the artificial rearing protocol per se did not induce any metabolic programming effects.
Effects observed during the period of HC dietary modification. Within 24 h after newborn rat pups were given the HC milk formula, their plasma insulin levels significantly increased and hyperinsulinemia persisted throughout the period of the HC dietary modification (12, 13) . Although plasma insulin levels were markedly higher in 12-d-old HC rats, their plasma glucose levels were normal. Additionally, the plasma leptin levels were significantly reduced in 12-d-old HC rats (14) .
During the dietary modification in the preweaning period, several adaptations at the biochemical, molecular, and cellular levels in pancreatic islets of HC rats supported their hypersecretory capacity, including: 1) a marked increase in the sensitivity of insulin-secreting islet b-cells to a glucose stimulus; 2) increased low K m hexokinase activity; 3) increased activity of key enzymes involved in glucose metabolism; 4) the ability to secrete a moderate amount of insulin in the complete absence of glucose and under stringent calcium-deprived conditions; and 5) altered regulation of the autonomic nervous system control of insulin secretion via increased parasympathetic input and decreased sympathetic input. At the cellular level, more smallersized islets with increased insulin content were observed. At the molecular level, increased mRNA levels of the preproinsulin gene and some key transcription factors, such as pancreatic duodenal homeobox factor-1, involved in its expression and alterations in the expression of several clusters of genes involved in multiple cellular functions as indicated by gene array analyses were observed in islets isolated from 12 day-old HC rats (11, 12) .
Aberrations in the expression of hypothalamic neuropeptide genes involved in energy homeostasis were also evident in 12-d- old HC rats, suggesting that the HC dietary modulation in rat pups induced metabolic programming effects predisposing to the onset of hyperphagia and concomitant body weight gain in HC rats. Increases in the mRNA levels of orexigenic neuropeptides and decreases in the mRNA levels of anorexigenic neuropeptides were evident in the hypothalami of 12-d-old HC rats (14) . Additionally, the mRNA levels of insulin receptor-b and the long form of the leptin receptor were also reduced in the hypothalami of 12-d-old HC rats (14) .
Persistent effects observed in adulthood. Although HC pups were weaned onto a nonpurified diet on postnatal d 24, hyperinsulinemia persisted in these rats. From the time of weaning, HC rats consumed increasing quantities of food, which translated into increased body weight gains such that by postnatal d 100, HC rats were significantly heavier compared with age-matched MF control rats (Fig. 2) (12,13) .
Several of the biochemical, molecular, and functional changes observed in islets of neonatal HC rats persisted in adult HC rats, suggesting permanency of the immediate effects on islet function to sustain hyperinsulinemia despite withdrawal of the HC milk formula at the time of weaning. The significant changes in islet functions in adult HC rats included: 1) a distinct leftward shift in the insulin secretory response to a glucose stimulus; 2) increased hexokinase activity; 3) increased b-cell mass; 4) increased mRNA levels of the preproinsulin gene and the transcription factor genes associated with preproinsulin gene expression; 5) alterations in the gene expression of several clusters of genes associated with various functions; and 6) altered autonomic activity, including increased parasympathetic and decreased sympathetic activities (11, 12) . Although random plasma glucose levels were normal in adult HC rats, in response to an oral glucose load they demonstrated an abnormal glucose tolerance on postnatal d 75 that worsened by postnatal d 270 (15) .
Hypothalamic adaptations predisposing for hyperphagia in 12-d-old HC rats were also evident in the hypothalami of adult HC rats (14) . Furthermore, epididymal adipose tissue mass was significantly increased in adult HC male rats. The lipogenic capacity of liver and adipose tissue was significantly higher in adult HC rats as indicated by increases in the activities of key lipogenic enzymes and in the in vitro synthesis of lipids (16) .
Transgenerational effect. The observation that offspring of HC female rats spontaneously acquired the HC phenotype of chronic hyperinsulinemia and adult-onset obesity without themselves having to undergo any dietary modification (17) indicates the establishment of a transgenerational effect in this HC rat model. The HC maternal environment during pregnancy was characterized by marked increases in plasma levels of insulin, leptin, proinflammatory markers, and markers of oxidative stress compared with MF female rats (14) . The observation that 4-d-old MF (control) embryos developing in the HC maternal intrauterine environment demonstrated marked increases in body weight in adulthood supports the conclusion that fetal development in the adverse intrauterine environment in the HC female rat is a major contributor to the transgenerational effect observed in this model (12) . Metabolic programming effects predisposing for the development of the HC phenotype were evident in term HC fetuses (18, 19) .
Possible mechanisms for the observed programming effects in the HC rat model There is a paucity of information on the mechanisms supporting programming effects due to an altered nutritional experience in the immediate postnatal period. In the overnourished SL model, the presence of increased levels of insulin has been suggested to result in malprogramming of critical centers related to appetite regulation in the hypothalamus, resulting in hyperphagia, increased body weight gain, and other metabolic aberrations in later life (20) . The precise mechanisms supporting this hypothesis have not been determined.
The immediate onset of hyperinsulinemia in HC rat pups indicates that pancreatic islets mount an appropriate response to the HC dietary intervention in these rat pups. This observation also suggests that islets may be one of the first targets responding to the HC milk formula (Fig. 2) . The observed effects such as leftward shift in response to a glucose stimulus and increased glucose metabolism in HC islets are probably mechanisms supporting such an observation. However, the persistence of hyperinsulinemia in the postweaning period suggests that in addition to pancreatic islets, other organs may also be directly responding to the HC milk formula or to the primary metabolic responses to the HC milk formula, thereby establishing a crosstalk between several organs to support the permanent programming of hyperinsulinemia.
The hypothalamus is the primary center for energy homeostasis. The observed alterations in the mRNA levels of hypothalamic neuropeptides and receptors in 12-d-old HC rats favoring hyperphagia indicate that the hypothalamic energy circuitry is indeed responding to the HC dietary modification. It has been suggested that both insulin and leptin function as neurotrophic factors during early periods of development (21, 22) . Therefore, abnormal levels of these hormones during this critical period of development could malprogram vital centers involved in whole-body metabolic homeostasis in the brain. Based on these observations, it is tempting to postulate that the altered hormonal environment (hyperinsulinemia and hypoleptinemia) present in neonatal HC rats could be responsible for the malprogramming of the hypothalamic appetite regulatory mechanism. Increased levels of plasma insulin as well as altered levels of neuropeptides could also contribute to the modified regulation of the autonomic nervous system activity, resulting in increased parasympathetic and decreased sympathetic outflow that facilitate increased insulin secretion by HC islets. Therefore, it is possible that in neonatal HC rats, functional alterations at the level of pancreatic islets and the hypothalamus complement each other's functions to maintain increased levels of plasma insulin and to promote increased appetite, leading to adult-onset obesity (Fig. 3) . The relevance of the HC rat model in the context of the human obesity epidemic Dietary practices for infants have undergone vast changes in the past 50 y. Extrapolation of the results from the HC rat model to the human scenario suggests that feeding practices currently implemented for infants could be one of the contributing factors to the obesity epidemic. In this regard, it is interesting to note that over the past several decades a precipitous decline in breastfeeding rates has been reported. Concomitantly, there has been an increase in formula feeding coupled with early introduction of supplemental foods (carbohydrate-enriched) for babies. It is postulated that early introduction of carbohydrate-rich supplemental foods such as cereals, fruits, and fruit juices for infants will result in the exposure of the infant to increased carbohydrate during the critical period of organ development. Such a situation could have deleterious long-term consequences for these infants in terms of eventual development of obesity and metabolic syndrome, as observed in the HC rat model.
It has been shown that the consequences of metabolic programming effects due to early-life nutritional challenges can be exacerbated by a postnatal high-fat diet. For example, intrauterine growth-restricted rat fetuses developed marked obesity and other metabolic alterations compared with control rats fed a high-fat diet (23) . Insulin resistance, puberty development, and fertility problems were evident in intrauterine growth-restricted rats exposed to a high-fat diet in the postnatal period (24) . Along similar lines, it is possible that in infants exposed to increased carbohydrate-derived energy during infancy, consumption of a high-fat diet later in life could result in an augmentation of the early programming effects. Such a response could cause morbid obesity in such individuals.
In the context of the prevailing obesity epidemic, our results suggest that dietary practices for newborns should be perceived as a target period for implementing proper guidelines in the efforts to stem the tide of the obesity epidemic.
